Controlling activity and selectivity using water in the Au-catalysed preferential oxidation of CO 3, 4 and Bert D. Chandler 1 * Industrial hydrogen production through methane steam reforming exceeds 50 million tons annually and accounts for 2-5% of global energy consumption. The hydrogen product, even after processing by the water-gas shift, still typically contains ∼1% CO, which must be removed for many applications. Methanation (CO + 3H 2 → CH 4 + H 2 O) is an effective solution to this problem, but consumes 5-15% of the generated hydrogen. The preferential oxidation (PROX) of CO with O 2 in hydrogen represents a more-efficient solution. Supported gold nanoparticles, with their high CO-oxidation activity and notoriously low hydrogenation activity, have long been examined as PROX catalysts, but have shown disappointingly low activity and selectivity. Here we show that, under the proper conditions, a commercial Au/Al 2 O 3 catalyst can remove CO to below 10 ppm and still maintain an O 2 -to-CO 2 selectivity of 80-90%. The key to maximizing the catalyst activity and selectivity is to carefully control the feed-flow rate and maintain one to two monolayers of water (a key CO-oxidation co-catalyst) on the catalyst surface.
T he global chemical industry produces over 50 million tons of hydrogen for several important processes, including ammonia and methanol synthesis, petroleum refining and hydrogenation reactions 1, 2 . Hydrogen is produced predominately through a combination of methane steam reforming and watergas shift reactions; the resulting reformate typically contains about 1% CO in H 2 . Many end uses, particularly ammonia synthesis catalysts and fuel cells, are highly sensitive to CO. It must therefore be removed; however, economically removing the last bit of CO has proved challenging. Pressure-swing adsorption requires large capital investments and low flow rates, which reduce throughput and limit H 2 recovery to 70-90% 2 . Methanation (CO + 3H 2 → CH 4 + H 2 O) uses ∼5% of the produced H 2 , but actual H 2 losses can be up to 10-15% because of the unselective methanation of CO 2 (CO 2 + 4H 2 → CH 4 + 2H 2 O) present in the reformate 2 . The scale of hydrogen production and the potential for preparing hydrogen of fuel-cell grade make hydrogen purification an enormously impactful process. State-of-the-art Pt-Ru catalysts for the fuel-cell anode require CO levels below 50 ppm; economic hydrogen production with lower CO levels may allow for simpler monometallic anode materials 3 . Ammonia production for fertilizer accounts for 2-3% of the total global energy consumption 4 , so the use of methanation to purify the hydrogen stream represents an enormous global energy loss. The US National Renewable Energy Laboratory estimates 11.9 kg of CO 2 equivalents are produced for every kilogram of H 2 produced 5 . Consequently, to prevent the (estimated) loss of 1.2 million tons of H 2 used in methanation would eliminate the release of 15 million tons of CO 2 equivalents annually. This is equivalent to saving 35 million barrels of oil per year, or removing more than three million cars from the road 6 . A more-attractive option for hydrogen purification, which could drastically reduce this hydrogen and energy loss, is the preferential oxidation of CO with O 2 (the PROX reaction). A typical benchmark goal for this reaction, which arises primarily from the requirements for a proton-exchange membrane fuel cell, is to reduce the CO concentration at the reactor outlet (hereafter referred to as the 'CO slip') to 50 ppm with O 2 selectivity to CO 2 ≥50% [7] [8] [9] . We refer to this as the 50/50 goal. Supported Au nanoparticles are wellknown to be highly active CO-oxidation catalysts [10] [11] [12] and notoriously poor hydrogenation catalysts 13 . They should be excellent PROX catalysts, but 20 years of research has produced very few catalysts capable of achieving the 50/50 goal (Fig. 1a) 7,14 . Numerous studies have searched for better catalysts, examining particle-size effects 12, 15 , metal-oxide-support effects 16, 17 , mixed metal oxides 15, 18 and ordered mesoporous materials 19 . Bimetallic catalysts 20 , the inclusion of polyoxometallates in liquid-phase media 21 , Au-ceria nanocomposites 22 and embedded Au@CeO 2 catalysts 23 have also been examined, with limited success.
A general lack of consensus on the CO-oxidation mechanism has hampered catalyst development. Surface hydroxyl groups on the support are clearly necessary for the most-active catalysts [24] [25] [26] , and we showed 11 , following work by the Haruta 27, 28 , Davis 26, 29 , Fujitani 30 and Iglesia 31 groups, that water greatly enhances reaction rates. Several groups also suggested that oxygen vacancies on the support play in important mechanistic role [32] [33] [34] . More-specific mechanistic PROX investigations by Widmann et al. showed that H 2 promotes CO oxidation over Au and the same activated oxygen species is involved in both H 2 and CO oxidation 35 . There is a fairly clear consensus that, for low-temperature CO oxidation, the metal-support interface plays a critical role in the catalysis 11, 30, [35] [36] [37] [38] . We recently proposed a new mechanism for CO oxidation over Au/TiO 2 catalysts, in which water functions as a co-catalyst 11 ; the study reported herein applies our newly found mechanistic understanding to CO PROX. Preliminary tests showed that Au/Al 2 O 3 catalysts have the same basic CO-oxidation reaction kinetics, and therefore probably operate via the same mechanism (Supplementary Section 3.1) as Au/TiO 2 . The Au/Al 2 O 3 catalysts were more selective for PROX in our initial testing, so we focused additional studies on this system. Although the promotional effects of water in PROX have been reported 7, 39 , there is no systematic study that seeks to control the activity and selectivity by adjusting the feed-water content. Herein we show that carefully controlling the feed-water content and space velocity (SV) leads to significant improvements in catalyst performance-far surpassing the 50/50 goal. We also show that the catalyst functions best when the surface coverage of water on the support is about one monolayer and interpret the activity and selectivity gains in terms of our most-recent mechanistic proposal. Table 8 ). When the feed-water content and SV are properly controlled, this Au/Al 2 O 3 catalyst far surpasses the literature reports of CO PROX performance, and easily achieves the literature benchmarks. b,c, CO conversion (b) and O 2 selectivity (c) during ten hour experiments with Au/Al 2 O 3 at 80°C. When water is removed, the selectivity immediately drops; CO oxidation activity also drops, but more slowly. Thus, maintaining sufficient water on the catalyst prevents deactivation over ten hours, and is critical for optimum catalyst performance. CO-conversion measurements are typically ±0.02%; O 2 -selectivity measurements are typically ±5%. . a, CO slip versus P H 2 O at several SV values; CO slip is equivalent to the concentration of CO in the reactor outlet. At 40°C, activity (low CO slip) and selectivity (∼90%) are maximized at ∼5 Torr added water; CO-oxidation activity increased at 80°C, but the reaction was less sensitive to added water. b, CO slip versus SV for the data in a. c, O 2 selectivity versus SV for the data in a. The data demonstrate that controlling SV can tune the catalyst performance. When the SV is low, very low CO slips (∼5 ppm) are achieved, but at the expense of O 2 selectivity. Similarly, if the SV becomes too high, there is insufficient time for the CO to react fully and the CO slip increases. This indicates that the two reactions are essentially sequential: a majority of the CO reacts first, and then the remaining O 2 begins to react with the available H 2 . There appears to be a maximum O 2 selectivity of about 80% at 80°C, which suggests there is insufficient added water.
Results and discussion
Influence of water on catalyst performance. We studied a commercial Au/Al 2 O 3 catalyst, controlling the water content in a model reformate gas stream (Supplementary Section 2.1-3). As catalysts are tested under a wide variety of conditions in various labs, we defined a figure of merit (FOM, Supplementary Section 3.2) to compare efficiently the key aspects of catalyst performance:
For reference, a FOM value of one describes a catalyst and reaction conditions that meet the 50/50 goal. Figure 1a plots several FOM values against the nominal activity for some of our experimental conditions. Approximately 60 literature reports are included (details in Supplementary Section 3.3) ; most of the data were collected at 80°C, the operating temperature of many fuel-cell systems 3 . The literature results vary greatly, so the nominal activities are normalized to the total amount of Au, with no adjustments made for Au particle size. We are aware of only two reports that achieve the 50/50 goal, both of which use low SVs and nominally dry feeds 7, 14 . By controlling the amount of water added to the reaction (vide infra) and using higher SVs, we far surpassed the 50/50 goal, and did so at SVs 1-2 orders of magnitude larger than those in the literature ( Fig. 1a and Supplementary Table 8) .
Catalyst deactivation is similarly important in PROX, and water may prevent the deposition of carbonates, which poison CO oxidation 8, 40, 41 . Long-term activity and selectivity plots are shown in Fig. 1b ,c, respectively. When water is added to the feed, there is no deactivation over the course of ten hours, and O 2 selectivity remains both constant and high (∼80%). When water is removed, O 2 selectivity immediately drops and the CO-oxidation activity begins to degrade over time. These experiments, which employed an unoptimized catalyst, show that huge improvements in PROX performance are possible when the feed-water content is controlled carefully. Furthermore, the potential hydrogen production per unit time is increased by 1-2 orders of magnitude over previous reports, with negligible catalyst deactivation over ten hours.
SV effect. Figure 2 shows CO slip and O 2 selectivity data for the experiments in Fig. 1a . The experimental protocol (Supplementary Section 2.2-3) was critical to achieve a high activity and selectivity, so catalysts were always equilibrated with 30 Torr water before initiating the reaction. The water pressure (P H 2 O ) was then systematically lowered, which allowed the CO conversion to stabilize at each P H 2 O (generally over 30 minutes). To achieve a high activity and selectivity it is critical to control the SV, which is simply the flow rate normalized to the amount of catalyst. When both P H 2 O and SV are controlled properly (Fig. 2b,c) , the reaction can operate at very high conversions (99.9%, <10 ppm CO slip) and still maintain a high O 2 selectivity (>80%); if the SV drops too low, O 2 selectivity suffers (Fig. 2c) .
A SV study at 20°C (Fig. 3) demonstrated that CO conversion increases as the SV decreases, whereas O 2 selectivity is essentially the same up to 99% CO conversion. Similarly, when CO conversions are high (CO slip ∼10 ppm), a decrease in the SV only serves to decrease the O 2 selectivity (Fig. 2b,c; 80°C ). These data indicate that the PROX reaction is largely sequential, with CO reacting before H 2 . This conclusion differs somewhat from the mostpopular literature mechanisms, which either require H 2 activation to generate the active oxidant 42 or utilize support O atoms 35 . The trends in PROX activity and selectivity, both for our data and much of the PROX literature, can be readily understood in the context of our recently proposed CO-oxidation mechanism for Au/TiO 2 (ref. 11). The key elements of this mechanism are:
(1) the facile generation of reactive Au-OOH from O 2 and a proton from water adsorbed at the metal-support interface, (2) a very low reaction barrier between Au-OOH and Au-CO and (3) the rate-limiting decomposition of Au-COOH (ref. 11). The CO-oxidation kinetics and H/D kinetic isotope effect for Au/Al 2 O 3 are essentially identical to those of Au/TiO 2 , which indicates the same mechanism is probably at work (Supplementary Section 3.1). Our results are largely consistent with the extensive PROX mechanistic work from Behm's group 8, 35 and Piccolo and co-workers 42 ; however, there are two important distinctions from their previous interpretations. First, H 2 activation is not required for the CO-oxidation activity because the active Au-OOH species is derived from O 2 and water. Second, our mechanism does not require the participation of support O, which makes it consistent with isotope-labelling studies in the absence of H 2 (refs 29,31) Influence of temperature and water coverage. To explore further the roles of water and temperature in PROX, we operated the catalyst under a similar conversion at several temperatures. For each temperature, this necessitated adjusting the SV to achieve a roughly 75% CO conversion at 30 Torr added water. The feed-water content was then decreased systematically. To visualize the trends (Fig. 4a) 2 as a function of CO conversion at 20°C. These data show that CO conversion increases as the SV decreases, whereas O 2 selectivity is essentially the same up to a 99% CO conversion. Although there is a small amount of nascent H 2 oxidation at all conversions, the reaction is largely sequential-CO is oxidized first, and then the catalyst begins to oxidize H 2 . CO conversion measurements are typically ±0.02%; O 2 -selectivity measurements are typically ±5%.
the nominal activity was normalized to the maximum CO conversion at that temperature; associated O 2 selectivity plots are given in Fig. 4b . At 20°C, Fig. 4a shows a maximum activity at ∼2 Torr added water; this value is somewhat lower than the maximum found for CO oxidation in the absence of H 2 (∼4-5 Torr (Supplementary Section 3.4)). This is readily explained by the O 2 -selectivity data, which show that O 2 selectivity drops at low P H 2 O . There are two sources of water in the system-water intentionally added to the inlet feed stream and water produced in situ from H 2 oxidation. As Table 1 shows, under the conditions that yield the maximum activity at 20°C, the water produced in situ is important because it accounts for about half of the total water in the system. This explains why so many catalyst reports in the literature show a relatively low activity and O 2 selectivity using dry feeds-in the absence of sufficient surface water, the system oxidizes H 2 to generate the water co-catalyst necessary to oxidize CO. As the amount of water on the support is governed by adsorption-desorption equilibrium and the gas flow constantly removes water from the catalyst surface, the catalyst must constantly oxidize H 2 to maintain a somewhat consistent water coverage on the support. Thus, with insufficient water in the feed, neither high activity nor selectivity is attainable. The P H 2 O range that yields the highest activity increases dramatically as the temperature increases, that is, the peak in Fig. 4a broadens with temperature. This is entirely consistent with the important mechanistic role of water adsorbed on the support because, as the water-adsorption isotherms in Fig. 5a show, as the temperature increases, increasing P H 2 O causes a small change in the amount of adsorbed water. To illustrate this, we used the activity and selectivity data from Fig. 4 to estimate the total amount of water in the system (water intentionally added plus water formed by H 2 oxidation) at the activity maximum. This estimate was used along with the adsorption isotherms to estimate the water coverage (θ H 2 O ) at the activity maximum (Table 1) . At each temperature, the maximum activity occurs at about the same θ H 2 O (6-9 molecules nm -2 ), which corresponds to roughly one monolayer of water on the support 43 . This range is illustrated by the box outline in Fig. 5a . This optimum water coverage is compellingly consistent, and is similar to the maximum value found for CO oxidation over Au/TiO 2 (∼13 molecules nm 45 . This suggests the drop in activity is caused by water that is adsorbed on the support at the metal-support interface physically blocking CO from adsorbing on the Au particles. To test this, we measured CO-adsorption isotherms in the presence of water (Fig. 5b) using infrared spectroscopy 46 . Even in the P H 2 O regime in which the activity increases to the maximum value, CO adsorption decreases by 50% relative to the amount adsorbed in the absence of water. Nominal activities for CO oxidation are largely insensitive to CO pressure in this kinetic regime (Supplementary Section 3.1), so physical blocking has little impact on CO-oxidation activity until a very large fraction of the Au sites is blocked.
Beyond the influence on catalytic activity, Figs 1c and 4b clearly show that the addition of water also improves O 2 selectivity. This, As the reaction temperature increases, the water pressure required to reach the maximum activity shifts to a higher P H 2 O and broadens substantially. This suggests that a certain water coverage on the support yields the highest activity. Additionally, the selectivity for CO 2 decreases somewhat as the reaction temperature increases. This is consistent with the mechanistic role of water as a co-catalyst in CO oxidation. Activity measurements are typically ±0.02%; O 2 -selectivity measurements are ±5%. Estimated from the total P H2O and water-adsorption isotherms (Fig. 5a ). ‡ Based on the N 2 BET (Brunauer, Emmett and Teller) surface area.
too, can be understood in the context of our recently proposed reaction mechanism for CO oxidation 11 . The P H 2 O and SV studies indicate that the reaction is largely sequential, such that most of the CO is consumed before H 2 is oxidized. This suggests catalyst selectivity is largely determined by the competition between adsorbed CO and H 2 for the Au-OOH intermediate. Spectroscopic evidence for peroxo and superoxo species stabilized on the support have been reported for Au/CeO 2 catalysts 47 . CO binds to Au much more strongly than does H 2 , so the CO coverage is expected to be high relative to the H 2 coverage, even under excess H 2 . When the reaction is pushed to a very high CO conversion (Fig. 2) , towards the bottom of the catalyst bed there are sufficient Au sites available for H 2 to react. Thus, the SV, conversion and water coverage control the fraction of Au sites available to catalyse H 2 oxidation.
There may also be kinetic influences on the high selectivity. Our previous density functional theory study found a very low reaction barrier (0.1 eV) for Au-CO reacting with Au-OOH (ref. 11). Hydrogen chemisorption on Au is an activated process 48 , which suggests that at a low temperature this may be slow relative to CO activation. The general trend of decreasing O 2 selectivity as temperature increases (Fig. 4b ) is also consistent with a H 2 adsorption/reaction with Au-OOH having a larger activation barrier. At all the temperatures studied, PROX selectivity generally increased with P H 2 O (Fig. 4b ). Behm's group showed that CO and H 2 compete for a common reactive oxygen intermediate 35 , which indicates that water has a larger effect in blocking H 2 -adsorption sites than it does in blocking CO sites (Fig. 4b) . As water is adsorbed on the support, this is consistent with the conclusion that H 2 -adsorption/activation sites are located at the metal-support interface 35, 36, 42 . This provides an interesting positive feedback loop-when water coverage is low, H 2 oxidation begins to produce water, which accelerates CO oxidation. This interpretation is largely consistent with the bulk of the PROX mechanistic literature, and explains why previous studies have not successfully achieved the 50/50 goal.
Our results show that an unoptimized catalyst can be a commercially viable H 2 -purification catalyst provided the SV, θ H 2 O and reaction temperature are controlled carefully. Understanding the fundamental steps in the reaction mechanism essentially turns this from a catalyst optimization problem to one of reaction engineering. Controlling SV and θ H 2 O essentially allows us to tune the number of available active sites, which allows adjustments for differing feeds. This is a substantial advantage, and potentially allows us to uncover additional active sites as a catalyst begins to deactivate over time (for example, because of sulfur poisoning). For wet feeds, this may be accomplished simply by cooling to a temperature at which the water vapour pressure is close to the P H 2 O required for the maximum catalytic activity. This is not to say that the catalyst cannot or should not be optimized; rather, the mechanistic understanding provides similarly clear directions as to how the catalyst can be improved or tuned for specific conditions. Balancing the water-binding properties of the support with the feed-water content is likely to be important. Supports that bind water more tightly will be desirable for relatively dry feeds-this should reduce the need to add water to the system; conversely, supports that bind water weakly will probably be better for wet feeds. Selectivity improvements should arise from tuning the CO-and H 2 -binding properties of Au, as Bond et al. suggested 13 . Any electronic effects (for example, support effects, particle-size effects or promoters) that increase the CO-adsorption energy relative to the H 2 -adsorption energy should provide for a greater differentiation between the two reactants and a higher selectivity.
Methods
Further details are available in the Supplementary Information. Catalysis experiments were performed in a single-pass plug-flow microreactor. The reaction zone consisted of finely ground fresh catalyst (5-100 mg) diluted in SiC (1,200 mg). Gas flows were controlled with electronic mass-flow controllers. The gas-feed (1% CO, 1.4% O 2 , 60% H 2 , balance He 140 ml min −1 ; SV = 1.4-28 l g −1 min −1 ) and reactor-effluent compositions were determined using a Siemens Ultramat 23 infrared gas analyser. Moisture (0.1-30 Torr) was added to the feed with a water saturator immersed in a cooling bath. The reaction temperature (20-80°C) was maintained with a water bath and recirculating water pump. The catalyst was first stabilized in the wettest reactive atmosphere until steady-state conditions were reached. The feed-water pressure was then decreased by decreasing the saturator-bath temperature.
CO-adsorption infrared experiments were performed as described previously 49 . Approximately 25 mg of the sample were pressed into a 30 × 30 mesh Ti wire cloth (Unique Wire Weaving Co.) and mounted into a custom-built copper cell and vacuum chamber with a gas-phase optical-path length of 1.2 cm. The sample was first dried under vacuum at room temperature and a background spectrum was recorded. CO (20 Torr) was added to the cell and allowed to equilibrate for 5-10 minutes. Once at equilibrium, an infrared spectrum was collected. The CO pressure was then decreased incrementally and infrared spectra were collected at each equilibrated CO pressure. The cell was then evacuated, 0.1 Torr water was added to the chamber and allowed to equilibrate. CO was then added incrementally to the chamber and infrared spectra were collected at each CO pressure. This general procedure was repeated for higher water pressures.
Water-adsorption isotherms were measured at four different temperatures (20, 30, 40 and 50°C) using a Micromeritics 3Flex volumetric adsorption apparatus. As the temperature increases, the amount of water adsorbed on the catalyst at a given pressure decreases substantially. The box indicates the range of θ H 2 O that corresponds to the activity maxima in Fig. 4a and Table 1 . A relatively narrow range of water coverage enables the highest CO-oxidation activity, regardless of the reaction temperature. b, CO-adsorption isotherms (20°C) determined by infrared spectroscopy in the presence and absence of water. At pressures as low as 2.3 Torr, at which total CO oxidation activity is maximized, roughly half of the CO-adsorption sites are blocked by water. This is presumably because of the physical blocking of the adsorption sites at the metal-support interface by water adsorbed on the support. Errors in adsorption-isotherm measurements are typically ±5%. a.u., arbitrary units.
Details of the sample pretreatment are given in Supplementary Section 2.7. The sample temperature was maintained using a Neslab recirculating bath coupled to a Cryofab Dewar. The water-source temperature was maintained at 43 ± 0.1°C and the instrument manifold was maintained at 45 ± 0.02°C. During the measurements, small doses of water (0.05 mmol g -1 ) were equilibrated with the sample to develop high-resolution adsorption and desorption isotherms.
